New limits on neutrino magnetic moment through non-vanishing 13-mixing 
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The relatively large value of neutrino mixing angle #13 set by recent measurements allows us to use 
solar neutrinos to set a limit on neutrino magnetic moment involving second and third families, /u Mr - 
The existence of a random magnetic field in solar convective zone can produce a significant anti- 
neutrino flux when a non- vanishing neutrino magnetic moment is assumed. Even if we consider a 
vanishing neutrino magnetic moment involving the first family, electron anti-neutrinos are indirectly 
produced through the mixing between first and third families and /x MT 7^ 0. Using KamLAND limits 
on the solar flux of electron anti-neutrino, we set the limit zj mt < 0.5 x fO _11 /i_B for a reasonable 
assumption on the behavior of solar magnetic fields. This is the first time a limit on /i MT is established 
in the literature directly from neutrino interaction with magnetic fields, and, interestingly enough, 
is comparable with the limits on neutrino magnetic moment involving the first family and with the 
ones coming from modifications on electroweak cross section. 

PACS numbers: 14.60. Pq, 26.65. +t ,96.60.Vg 
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I. INTRODUCTION 

In a recent paper [l| we performed an analysis of how a non-vanishing neutrino transition magnetic moment 
involving second and third families, /^t T , could affect the flavour conversion of solar neutrinos. At that time we 
assumed a vanishing 6*13, which allowed to produce a large flux of non-electronic anti- neutrinos, and our model was 
not limited by the absence of electron anti- neutrinos D e in solar neutrino flux, as required by Kamland (H . 

However, in that paper it was argued that a non-vanishing 613 would open a channel for the production of electron 
anti-neutrinos, and then a limit on fi^ T could be established from the absence of a signal of D e in solar neutrino 
flux. Since recent data indicates a relatively large value for this angle, we examine such limits in light of this new 
measurements. 

II. CONVERSION PROBABILITIES 

To calculate the probability that a electron neutrino produced at the sun evolves into an electron anti-neutrino 
in the presence of transition magnetic moments, in principle we would have to work using a 6x6 evolution matrix 
formalism, involving v a = (y e , v^, v T , v ei D^, v T ) T . But the system can be simplified in specific cases. For instance, 
in [l[ we assumed a vanishing value for #13, and rotating out the 23- mixing with the definition v' = U^v, the system 
was decoupled into two 3x3 systems, which can be presented with a convenient reordering of eigenstates as: 
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-5 cos 20 12 + Vcc 
A = I Ssin29 12 




Vmc S sin 2#i2 

5 cos 2#i2 + V/vc 
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and A is the same as A with a change of sign on matter potentials, v' and v' r are linear combinations of weak states 
as v' — cos 823 — sind2zv T1 v' r — sm# 2 3^ + cos #23 and with similar definitions to anti-neutrinos v. Also, 
5 = Am^/AE, A = Am\ 2 /^E, and Vcc and Vnc are the charged current and neutral current interaction potentials 
with matter. Since all neutrinos in the sun are produced as electron neutrinos and the two systems are completely 
decoupled, no v e was produced. For a regular magnetic field in the convective zone of the order of 100 kG and for 
magnetic moments of the order of 10~ n [Ib we do not expect any transition to anti-neutrinos, since 

^ T B ~ 5.8 x 10- 15 eV « A\ E =w Mo v ~ HT 10 eV . (3) 

However, random fluctuations of magnetic fields in convective zone are expected and promote the population of 
anti- neutrino states families This is implemented through symmetric entries in Liouville equation, which induces 
decoherence, raising the v — > v conversion probability. 

Nevertheless, when a non- vanishing value of #13 is assumed, we can not decouple the system, and have to solve the 
full 6x6 evolution equation. Rotating out both the mixing angles #13 and #23, we would have the following evolution 
matrix in the basis v 1 = U^U^v conveniently rearranged as in Eq. ([I]): 
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with 




-8 cos 2#i2 + c 2 3 V cc + V NC <5sin26>i 2 
A= I 8 sin 20i2 +8 cos 26 12 + V NC ^a T Bc X3 j (5) 

v^tBciz -A - sj 3 Vcc ~ V NC 

and 

JJ = I -n MT B8xa if j . ((.) 

S13C13 Vcc 

where S13 = sin 6*13 and C13 = cos 6*13. A (B) equals A (B) by changing sign in matter potential terms. We will assume 
that the magnetic field is composed by a regular part and a random part. Again, for a regular magnetic field we do 
not expect significant production of anti-neutrinos. However, assuming a random component of the magnetic field, 
anti-neutrinos can be produced through different channels. 

To include the random magnetic fields with the same procedure, we should use the density matrix formalism. 
From the 6x6 Hamiltonian matrix, we get in the matrix density formalism a 35x35 evolution system. Due to 
the complications of this procedure we will present later the full analysis of the system [H , but we can get a good 
estimative assuming for now that the antineutrino production process will not be very different than in the scenario 
with vanishing #13. Our procedure then would be to calculate the anti- neutrino production by the same assumption 
of last paper, a vanishing #13, and then ca_lculate the amount of 9 e which is present in this anti-neutrino state in 
accordance with the measured value of #13 



III. RESULTS 

When we considered in [H that 6*13 = 0, the v' T in Eq. (p} was identical to the mass eigenstate v 3 . As mentioned 
before, we will consider that the inclusion of a non-vanishing #13 will not strongly change this production probability. 
However, the distribution of such anti-neutrino in the mass eigenstates is now: 

v' T = -(si3Ci 2 )fi - (si 3 si 2 )^2 + (ci 3 )^3 ■ (7) 

Averaging out all terms involving oscillation between different mass scales when calculating the probabilities and 
assuming large values of the other mixing angles, we can write the electron anti-neutrino production as: 

P{v e ->• v e ) - sin 2 9 13 P(u e -» K)\e 13 =o ■ (8) 

KamLAND @ sets the strongest limit in the electronic anti-neutrino flux from the sun, given by 4>{v e ) < 3.7 x 10 2 
cm _2 s _1 . Writing in terms of a production probability and using solar model labeled GS98 in Q where 4>sb — 5-6 x 10 6 
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cm s , we obtain an upper limit of the electronic anti-neutrino production of P < 6.6 x 1CP 5 . Considering all recent 
measurements of sin 2 (9 13 |6j-|8[, we will use the value of best fit point [5| sin 2 (9 13 = 2.5 x 10~ 2 in our analysis. This 
translates into a limit on anti-neutrino production of: 



P(y e -»• v' T )\e l3 = < 2.7 x 10~ d . (9) 

To calculate the anti- neutrino production probability we follow the procedure presented at pj. The probability is 
a function of the parameter 



k =< (vB ± ) 2 > L 



(10) 



where Lq is a length scale related to the spatial coherence of the magnetic fluctuations. Rewriting k in convenient 
units, we have: 



k = 3.4 x 10" 17 
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We solved the evolution equation numerically assuming a vanishing #13, as in [lj]. In Fig. 1 we present the conversion 
probability of anti- neutrinos if we assume a vanishing #13, together with the limits on this probability that can be 
inferred from KamLAND data and the measured values of #13, as presented in Eq. ([§]). The parameter region where 
the anti-neutrino production probability is larger than the KamLAND limit is excluded. 




FIG. 1: We present here the comparison between KamLAND limits on anti-neutrino production with the predictions of such 
production in our model. The solid line corresponds to the anti-neutrino production probability in the Sun, in the assumption 
of a vanishing #13 . The dashed line corresponds to the limits set by KamLAND on solar electronic anti-neutrino flux, converted 
to a limit on non-electronic anti-neutrino probability conversion, using sin 2 #13 = 0.025 ± 0.0023 (la) [jj. The dotted lines are 
obtained with the la limits for this angle. 



From Fig. 1 we can extract a limit on k: 



k < 8 x 10" 18 eV 



which leads, from Eq. [IT] to the following limit on magnetic field parameters: 

eV < 0.24 
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For a reasonable assumption on magnetic field profile, i.e. a 100 kG regular magnetic field with random fluctuations 
proportional to the regular one, and a 200 km coherent length scale for such fluctuations, we translate this limit to: 



fi^T < 0.5 x 10 n fi B 



(14) 
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Such a limit can be compared with the ones coming from modifications on neutrino electroweak cross section [9l-|l2j , 
which applies for a combination on all neutrino magnetic moment elements. Although our limit is more stringent 
then the one reported for instance in [l2j], it depends on both the solar magnetic field profile and the characteristics 
of its random fluctuations. 



IV. CONCLUSIONS 



In this work we set a limit on the neutrino transition magnetic moment involving the second and third families using 
solar neutrino data and assuming a specific profile for the solar magnetic field. For a vanishing mixing angle #13 we 
could only set loose bounds on such magnetic moment due to the electron anti-neutrino flavour decoupling on neutrino 
evolution equation. Now with a reasonable high measured value for such angle, a stringent limit was established, for 
the first time from the direct interaction of neutrinos with magnetic fields, at the same order of magnitude of the 
limits involving the first neutrino family and the limits coming from modifications on electroweak cross section. 

Some approximations were made in the calculations that allowed us to use a previous study to calculate the 
anti-neutrino appearance probability. We plan to critically evaluate such approximations in a future work, but we 
expect that the limits established here are conservative, and a more detailed analysis could open other channels of 
anti-neutrino production, improving the limit presented here. 
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